The ability to induce an energy band gap in bilayer graphene is an important development in graphene science and opens up potential applications in electronics and photonics. Here we report the emergence of permanent electronic and optical band gaps in bilayer graphene upon 
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The structure of bilayer graphene has been well documented and within a tight-binding description of AB stacking, electron hopping within the same layer between nearest neighbour atoms on different AB sublattices is characterised by the energy scale  0 . In Bernal stacking the second layer is arranged such that A sublattice atoms in the upper layer (A2) are arranged above B sublattice atoms (B1) and characterised by hopping energy  1 off from each with a separation at K given by 2 1 . The point where the lowest energy bands touch is called the charge neutrality or Dirac point, analogous to that found in single layer graphene. The majority of previous efforts focussed on opening an electronic band gap in bilayer graphene have used the application of displacement electric fields to induce an asymmetry in the on-site electron energies between the top and bottom layers. 11, 12 This method, though limited by the SiO 2 gate dielectric breakdown field of 1 V/nm, has resulted in band gaps of up to 250 meV for charge neutral 12 BLG and up to 180 meV for doped BLG. An ability to control the carrier concentration is a key requirement for an electronic material.
In the case of SLG this has been variously accomplished via decoration with metal adatoms, 13 5 substitutional doping with nitrogen or boron atoms, 14 edge modification using electrothermal reactions with ammonia, 15 decorating SLG with ultrathin layers of Si islands, 16 and surface transfer doping via the adsorption of large organic molecules; 17, 18 with some of these methods resulting in the opening of a band gap in SLG. In the case of the latter study, ref. 18, a 0.8 nm thick layer coating of tetrafluoro-tetracyanoquinodimethane (F4-TCNQ) was able to neutralise the substrate induced n-doping of epitaxial SLG grown on SiC and to shift the Fermi level by 0.42 eV. At intermediate and high surface coverage, the F4-TCNQ molecules were found to be oriented vertically on the layer. Only at low coverage was the plane of some of the molecules reported to be parallel to the graphene layer. Surface transfer doping, particularly with planar organic molecules, therefore offers an attractive path to permanently modify the electronic properties in a controllable manner while introducing minimal structural deformations.
With the success of doping single layer graphene with  electron containing molecules, we have extended this approach to bilayer graphene. We report charge transfer, changes to the carrier concentration, band structure and density of states in Bernal stacked AB bilayer graphene using a range of molecules. We find that the high adsorption binding energies of  electron containing molecules can permanently open both an electronic and optical band gap. The electrical band gaps are found to be comparable to those produced by dual date displacement fields and the optical gaps cover the important (atmospheric) 3-5 m region and offers the opportunity of using BLG in photodetectors as a replacement of InSb, HgCdTe and PbSe based devices. Indeed a dual gated BLG device has already been employed as a hot-electron bolometer for 10.6 m detection with very low noise. 19 An added attraction of the use of molecular dopants in the vicinity of the graphene layers is that adsorption does not introduce significant phonon scattering often found with high atomic mass oxides used as substrates. 
Results and Discussion
Our density functional theory (DFT) calculations of the undoped band structure of BLG ( Figure   1a ) reveal a value of  1 of 0.36 eV. From the low energy dispersion we also find that the electron and hole effective masses to be 0.046m 0 and 0.053m 0 , respectively.
F2-HCNQ adsorption on Bilayer Graphene
From Table 1 , it is evident that the optimum intermolecular separation, binding energy and meV and the band separation at the K point (E K ) is 121 meV. We find that the values of E g and E K agree within a tight-binding description 26 , taking  1 to be the previously calculated value in undoped BLG of 0.36 eV,
Given the size of the band gap it is possible to estimate the strength of the resultant in-built electric field, E i , arising from the adsorbate induced asymmetric charge distributions. Within a tight-binding description a (screened) in-built field can be approximated as
where d is the separation between the top and bottom layers of the bilayer graphene. 26 In the case of a 6 x 6 supercell of bilayer graphene with a single adsorbed F2-HCNQ molecule the in-built electric field is calculated to be 0.36 V/nm, assuming a 3.35 Å separation between the layers.
Decamethylcobaltocene on Bilayer Graphene
The adsorption of DMC onto one surface of BLG occurs with a high binding energy, Table 2 27 We believe that the asymmetric behaviour of the band gap with carrier concentration is due to the asymmetric shape of the conduction and valence bands due to non-zero  4 hopping. It is interesting to note that we find the ratio of hole to electron effective masses found in undoped BLG to be 1.15, which is similar to the inverse of the ratio of the variation of band gap with carrier concentration for p-type and n-type dopants (1.18).
The band gaps calculated here can be compared with those reported from studies of dual gate devices. Electrical band gaps can be induced in BLG using displacement fields associated with the top and bottom electrodes on the top and bottom layers, D t and D b , respectively, with Figure 4b shows the electronic band gap as function of average displacement fields from a number of experimental studies using dual gate electrode geometries 14, 28, 29 and internal electric fields determined from this study and some reported in the literature using dual molecule doping. 30, 31 The difference between the values of the fields required is a reflection of the screened nature of adsorbate induced electric fields and the displacement fields. This is seen in the variation of the band gap with average displacement field which scales as 51-81 meV/V/nm, whereas it scales as 296 meV/V/nm with internal electric field. The topic of screening in bilayer layers has been the subject of considerable discussion in the literature. 9, 32 For example, Gava et al. 32 calculated that in the absence of electronic screening the band gap (meV) scales as 30 x 10 -12 x (net carrier density) per unit area (cm -2 ). Including the effects of screening, this reduces by a factor of 4 -4.3 for carrier densities of 1-2 x 10 13 cm -2 , similar to those found here.
From Figure 4b it is apparent that the use of dopant molecules is able to produce an electronic gap comparable to those produced using a dual gate geometry, which in turn should affect the transistor device characteristics. For example, in the study by Szafranek et al. 28 , with a D ave of 
Summary and Conclusions
Using ab initio DFT calculations we have shown that a number of organic and organometallic 
